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Abstract

The recovery data available on textile materials are scarce and difficult to compare.  Very
few data on fibers have been presented in which differentiation is made hetween immediate and
delayed recovery.  Until the present, no adequate method except the pulse-propagation technique
has been known to separate these strain components. Using the Instron tensile tester, a cycling
method was developed to measure directly the total elongation and permanent set and to permit
also determination of the immediate and delayed recovery. The conditions of the tests were
standardized. Some studies were made on the effect of deviations from the standardized

conditions.

The recovery behavior of 25 samples representing 16 different textile fibers was measured
under the standardized conditions. Their recovery behavior is presented by tabular data and

by two series of re
permanent set as obtained des

ngular graphs. The values of immediate and delayed recovery and of
ribe the recovery behavior of fibers with adequate aceuracy from

the initial application of stress to the breaking point. The recovery behavior was found to be
characteristic for any material; however, it was affected by the history of the samples. The
recovery of Fiberglas, cotton, Saran, viscose, acetate, nylon, Orlon acrylic fiher, Fiber V,
Vinyon CF-HST, N, NOZZ, NORU, wool, casein, and polyethylene is discussed, and an at-

tempt is made to interpret the data.

Results obtained in this study have been correlated to known recovery data of other authors:
Meredith, Maiflard and coworkers, and Hamburger.

1. Introduction

This report presents an account of systematic in-
vestigations of the stress-strain properties of textile
fibers with respect to their recovery behavior.

The stress-strain curve can be used to obtain data
on such tensile properties as: breaking tenacity, total
elongation at break, the relationship between load
and elongation at any given stress or strain value,
the yield point or elastic limit, the initial modulus of
elasticity (elastic stiffness), and the energy required
to rupture (toughness) [34]. Conventional stress-
strain curves, however, do not provide information
on recovery, an important and fundamental fiber
characteristic,

Recovery of stretched fibers is their capacity to
return to their original length when extended and
then released. Some of the elongation is recoverable
immediately, some recovers after a longer time, and
some remains permanently. These three components
of the total elongation have been termed “immediate
elastic recovery,” corresponding to perfect elasticity ;
“delayed recovery,” or “primary creep;” and “per-
m; address: Textile Division, Massachusetts Insti-
tute of Technology, Cambridge, Mass.

manent set,” or “secondary creep.” Actual as well
as relative values of the three elongation components
are different in various fibers and are influenced by
the stress or strain applied and also by time, tem-
perature, humidity, etc.

Elongation components are related to complex
phenomena of textiles which are important from a
practical standpoint. Generally, a high level of re-
coverable elongation is desirable for textile fibers, as
are also, in most cases, high tenacity, considerable
extensibility, and elastic stiffness. A high propor-
tion of immediate elastic recovery is known to con-
tribute to resilience [7], which, according to Mark
[28] and Dillon [15], is a combination of stiffness
and fast recovery; to crease-resistance [16} and
wrinkle-resistance [18]; to softness of fabrics; to
fatigne and wear-resistance; and even to comfort.
Cassie [12] emphasized that high accessibility of
fiber surface to air is an important factor for warmth
of textiles and this is best realized in fibers of high
recovery. Delayed recovery is also desirable—how-
ever, to a lesser extent. In fact, too high a value
may be disadvantageous for special purposes. De-
layed recovery frequently causes “relaxation shrink-
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age” in woolen fabrics, creating problems in the
tailoring of garments [35]. High permanent set is
generally undesirable in textile fibers except:in iso-
lated instances. It is known that permanent set can

be partly recovered by increasing temperatiire;. hi-

midity, and by permutoid swelling, thus affecting
dimensional stability [35]. The value of recovery
for a specific use depends on the absolute and rela-
tive magnitude of the strain components, and the
end-use of a fabric will dictate which of these is of
particular interest.

Available data on recovery are sparse, frequently
incomplete, and difficult to compare. The best col-
lections of fiber properties—-the tables on fibers pub-
lished in Industrial and Engineering Chemistry
(1948} [11], Textile World's “Synthetic Fiber Ta-
bie” (1949) [6], and the excellent “Fiber Proper-
ties Chart” in Modern Plastics Encyclopedia (1950)
[38]—contain only a few data on “elastic recovery”
or “recovery from strain” Present A.S.T.M.
Standards {1] on textile materials do not describe
test methods for measuring the recovery of filaments.
The German Standard Testing Method provides for
the measurement of recoverable and nonrecoverable
strain in fibers and yarns [17]; the “degree of elas-
ticity” thus obtained is based on the sum of imme-
diate elastic recovery and delayed recovery. It is
common practicé in Europe to separate permanent
set from recoverable elongation without differentia-
tion between immediate and delayed recovery. Not-
able contributions to recovery data have been fur-
nished by Meredith [30] in England, and Maillard
and coworkers [26, 27] in France. They investi-

" gated a wide range of textile fibers using the repeated-

cycling technique. Meredith's studies were made on
a Cliff-type tester with constant rate of loading using
a slight modification of the German Standards. He
determined the above-mentioned “degree of elastic-
ity” or “elastic recovery” (ratio of recoverable elon-
gation to total elongation) of many single fibers for
different loading steps along the stress-strain curve.
Maillard and coworkers used the micro machine of
Chevenard at constant rate of elongation for a few
single fibers and multifilaments. However, neither
of these investigators differentiated between imme-
diate elastic recovery and delayed recovery.

When fibers have been extended and released they
are known to recover not only to different extents,
but also at different rates of speed. The recovery
can therefore be better characterized if differentia-
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tion is made between that which is immediate and
that which is delayed. The importance of the rela-
tionship hetween recovery and time has been recog-
nized " even though no satisfactory experimental

:methodsexisted:for measuring it. Needed informa-

tion ‘on: recovery was obtained first by empirical
trials ‘which were subject to individual errors and
which proved inadequate for quantitative evaluation.
Leaderman [25] investigated thoroughly the time
factor -in -recovery:and: distinguished, between “in-
stantaneous " elastic .deformation” and “delayed de-
formation.” He also published some data on delayed
deformation ‘and “on delayed recovery for different
fibers using long-duration tests. | Hoffman [22] dis-
cussed the influence of time and .described different
kinds of “resilience,” also indicating some possibili-
ties for measuring the speed of recovery. Hoffman’s
four types of “resiliency,” represented by such mate-
rials as quartz, rubber, wool, and “uncross-linked
wool,” are based on marked differences in the time
necessary for recovery and in the modulus of elas-
ticity. Hamburger [20, 21] emphasized the neces-
sity for determining immediate and delayed recovery
separately and quantitatively. Taking advantage of
the sonic-modulus technique he used a pulse-propa-
gation meter in connection with the Scott IP.-2
constant rate of load testing machine for measuring
the. deflection components. He determined the “im-
mediate elastic deflection,” the “primary creep,” and
the “secondary creep” of viscose acetate and nylon
multifilament on the ‘first loading and unloading
cycle and also after repeated stresses. Hamburger’s
investigation must be considered as the first major
step in obtaining comparable data on all three elon-
gation components. The significance of this pioneer
work cannot be overlooked.

The. tensile behavior of visco-elastic materials is
different from the relatively simple performance of
such ideal solids as crystalline materials since it is
strongly dependent upon the length of time the
strains or strésses are applied.

The reason for the differentiation between the
three components of the total elongation, especially
the separation of immediate and delayed recovery,
is mainly a practical one. It is significant to know
not only to what extent, but also with what speed,
an imposed elongation recovers since some elongated
fibers “snap back” and others “creep back” after the
tension is released,
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Immediate elastic recovery is associated with dis-
placement of atoms or molecules from their positions
of equilibrium and with their spontaneous and im-
mediate return when the stretching force is removed.
According to present theories, immediate clastic re-
covery of visco-elastic materials occurs mainly in
the amorphous region. This recovery is predomi-
nant below the yield point at low stresses and strains.
Such recovery is possible when a sufficient number
of strong cross-linkages are present to prevent the
long-chain molecules from sliding over each other,
thus facilitating the return of the deformed struc-
tures to their original arrangement. Immediate
elastic recovery can also result from the straighten-
ing of flexible long-chain molecules or from the
unfolding of folded molecules.

Permanent set is a result of the irreversible dis-
placement of molecules, and is associated in visco-
elastic materials with one of the following processes:
(1) slippage of long-chain molecules, or parts of
them, along each other due to the breakdown of
the secondary bonds, a process generally accom-
panied by the formation of cracks and by an opening
of the structure; (2) alignment of linear chain mole-
cules by tensile stress, observable in x-ray diffraction
patterns and also in electron micrographs of high
polymers; (3) stabilization of molecular rearrange-
ments obtained during the stretching process by the
formation of new cross-linkages between chain mole-
cules, resulting in a “permanent” elongation which
remains after releasing the force since the structural
rearrangements attained represent new positions of
equilibrium. Permanent set may be present to a
limited extent even at extremely low stresses, but
it is most easily detected after the elastic limit is
exceeded. Slippage and orientation increase with
progressively higher strains and they prevail near
the breaking point. Although permanent set is irre-
versible, in general, heat or liquids may remove it,
thus causing a shrinkage of the material.

Delayed recovery is best described as a hindered

elastic recovery since some displaced molecules con- -
tinue to return spontaneously for some time after

release of the tension. It can thus be considered as
an interaction between the mechanism causing im-
mediate elastic recovery and the processes producing
permanent set.

Analysis of the total elongation and measurement
of the three strain components at any stress or strain
value furnish the knowledge necessary for critical
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evaluation of the inherent tensile properties of fibers.
Data ‘of these three strain components characterize
without undue complexity the response of fibers to
imposed strains and stresses. Meos and coworkers
[29] suggested differentiation between five compo-
nents of the total elongation in a Russian paper
dealing with the interpretation of the stress-strain
behavior of some typical textile fibers. Measure-
ment of so many components would be too difficult
and frequently unnecessary from a practical point of
view. In contrast, the present paper describes a
method for the measurement of three elongation
components using repeated loading and unloading
cycles. This technique has been applied in a stand-
ardized form to obtain necessary data on the imme-
diate elastic recovery, delayed recovery, and per-
manent set for a number of fibers.

II. Description of the Technique Used

The elongation components were determined using
the Instron tensile tester, Model T'T-B * [9]. This
versatile apparatus has a weighing system utilizing
a bonded-type resistance wire strain gage to moti-
vate the recorder pen. The machine has a wide
range of load sensitivities and is operated at a con-
stant rate of eclongation (crosshead travel). The
moving jaw is mounted on a crosshead which can
be driven in either direction at constant speeds to
any preselected point. The chart of the recording
system is driven synchronously, and therefore its
movement is proportional to that of the crosshead.
The load-elongation relationship for a test material
can be obtained continuously, with a wide variation
in load, elongation, and time.

Determination of the three components of total
elongation is demonstrated schematically in Figure
1, which was obtained by extending a 100/40/2.5
acetate (No. 161) multifilament to 15.5%. This
elongation corresponds to 75% of that at break,
while the corresponding stress is equal to 90% of
the breaking tenacity. To obtain the curve AM a
specimen of 5 in. (12.7 cm.) gage length was ‘ex-
tended first to the selected elongation by moving the
pulling jaw of the machine at a rate of 5 in. (12.7
cm.) per min. (ie., 100% eclongation of the speci-

* Manufactured by Instron Engineering Corp., Quincy,
Mass. .

% The numbers following the samples referred to in this
study correspond to those listed in Table II and Figure 7B,
in which the characteristics of the samples are shown,
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men in 1 min.). The jaw motion was then reversed
and the jaw returned to the starting point at the
above rate of speed. After this loading and unload-
ing cycle, the specimen was allowed to relax for 5
min, The specimen was then extended again to the
same point of elongation in a second loading, HN,
to measure permanent set. The total elongation is
indicated by the distance 4B for the first loading
in Figure 1. The distance BF for the recovery
curve is equal to 4B, and the distance GJ for second
loading is also equal to 4B. These distances corre-
spond to the preselected 15.5% total elongation.
Were it possible to remove the tension imposed in
the first cycle at once, or at least at an extremely
high speed, the resulting recovery would correspond
to the immediate elastic part of the total elongation.
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and strain corresponding to the Hookean law as a
result of the immediate elastic recovery. The devia-
tion ‘from this straight line is caused by the addi-
tional  delayed ‘recovery. This additional recovery
increases during removal of:the strain with decreas-
ing stresses and- with: the time 'necessary to remove
the stress. It thus becomes more marked on the
recovery curve as the stretch is removed from the
fiber. .

The recovery curves of the three samples (Figure
2) reach the line of zero stress after elongations of
21.0%, 9.0%, and 2.0%, respectively, are removed.
But these values do not represent the immediately
recoverable portion of the total elongation because
they contain an additional amount of delayed recov-
ery, which is small for Fiberglas, moderate for
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As this is not possible with the equipment utilized in Vinyon CF-HST, and large for polyethylene A. ) 5 g
the study, it remains to determine the immediate Since the recovery curves consist of a straight por- TOTAL ELONGATION(%), + %5 goree28 20 185 ELoneaTioN 121
elastic recovery from thé recovery curve, MD, in the tion corresponding to the perfect elasticity and an TIME (s£¢3 T s s da - Siomeanen
. o . . 5
following way: The recovery curve, MD, can be additional curved portion representing the delayed
considered to have an initial straight porfion fol- recovery, determination of immediate elastic recov- PR— ;i
4

lowed by a more or less curved portion. The length
of the linear portion was found to vary widely from
material to material and even on the same material
when eclongated to different.degrees. When speci-
mens are unloaded at values below the yield point,

ery is possible by extending the linear part of the
recovery curve to the line of zero load, thus exclud-
ing the delayed recovery. When this is done, the
immediate elastic recovery of the three fibers is
seen to be 5.0%, 4.3%, and 1.6%, respectively.

Frc. 1.

POLYETHYLENE Type A

Measurement of elongation components.

the straight portion is large, and relatively small The highest practicable jaw speed of the Instron FIBERGLAS
near the breaking point, especially for fibers with tensile tester was used in these tests to avoid. sig-
high delayed recovery. Figure 2 shows a compari- nificant errors in the measurement of immediate 2.5r
son of the linear portions of the recovery curves for elastic recovery. Special attention is directed to the
three different materials—polyethylene Type A, inertia of the recording system in the evaluation of
Vinyon CF-HST, and Fiberglas (Nos, 25, 15, and  the straight portion since it contributes a separate tor 2.0
1, respectively)—extended to 31.9%, 17.8%, and linear part to the curve immediately after reversing H
2.19%, corresponding to 63%; 89%, and 91% of the extension. This is easily recognized and is, of STRESS
their total elongation at break, respectively., These course, indepéndent of the material tested; it is dis- m(“" Loa s
fibers vary widely in their recovery, and also in their  turbing at higher jaw speeds, where an additional cumgs
extensibility, showing total elongations at break of limitation occurs through oyershooting of the cross- {
50.5%, 20.5%, and 2.3%, respectively. Fiberglas head in reversing its travel. (The complications o8- ol | b
is a very elastic fiber and its immediate elastic recov-  caused by the inertia of pen response were omitted ‘]
ery is predominant even near the breaking point. in the schematic graphs of Figures 1 and 2 in the t
The immediate elastic recovery, delayed recovery, interest of simplifying the demonstration for a better 11
and permanent set of Vinyon CF-HST are ronghly understanding of the method used.) The jaw speed b |
equal at the elongation shown of 17.8%. Polyethyl- of 5 in. (12.7 cm.) per min. in these tests represents .\
ene A has the highest delayed recovery at the break- a compromise between high speed, to eliminate as !
ing point of all the fibers tested (Table III; column much delayed recovery as possible, and low speed, to . . 1
4, and Table IV, 3a and 3c), and its delayed recov- avoid the complications arising from the inertia ef- ELONGATION (K535 _157‘3‘0‘9 * ' o 5 16 15 it
ery is predominant ‘at the demonstrated point of fect of both the recorder and the crosshead of the TIME (sec.y, & 5 - 9.0 28 9 28 54
31.9% elongation. Instron tensile tester. ELONGATION IN % OF ELONGATION AT BREAK 63 ° ’ . ’
In all cases, the straight portion of the recovery The immediate elastic recovery of the acetate mul- TENSION IN % OF THE BREAKING TENACITY 87 ‘g% 59—51

curve indicates a constant relationship between stress  tifilament was obtained similarly in Figure 1 by ex-
Fre. 2. Differences in recovery behavior.
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TABLE 1. TiMe REQUIRED FOR MEASUREMENT OF RECOVERY FOR FIBERS REePORTED IN FIGURES 1 AND 2

1 2 3 4 5 6 . 7
Time (sec.) required for: Immediate Total elongation:

Entire Measurement  elastic recovery I;; '% of In % p[

Sample removal of immediate i AiP Y of initial clongatu;{n

No.* Material of tension  elastic recovery  initial length length at brea
25 Polyethylene A 12.6 30 5.0 .’i;g gg
15 Vinyon CF-HST 5.4 2.6 4.3 15.5 s
16 Acetate 2.4 1.6 2.6 2.1 o
1 Fiberglas 1.2 1.0 1.6 .

* Sample numbers correspond to those in Table IT and Figure 7B

tension of the linear part of the first recovery cycle
to the line of zero load to point C. It is represented
by the distance BC on the abscissa, corresponding to.
a value of 2.6% elongation.

It is admitted that this method has the disad-
vantages of any extrapolation and is subject to error
depending upon individual judgment of the linear
part. The four materials demonstrated in Figures 1
and 2 show that the graphical evaluation can be
considered fairly accurate for Fiberglas, and good
for acetate and Vinyon CF-HST, although somewhat
uncertain for polyethylene A. Because of the large
amount of delayed recovery, more satisfactory results
were obtained on polyethylene A at lower elonga-
tions, when the removal of stress can be accom-
plished in a shorter time. The method used was
always accurate below the yield point since imme-
diate elastic recovery is preponderant there and the
small elongations applied can be removed quickly.
The extrapolation procedure could be guestioned
since the modulus of elasticity has no constant value
at different strains for visco-elastic materials and
cannot be represented-as a straight line. This be-
havior may produce a slight distortion of the values
obtained; especially at higher elongations, but it is
not believed to be significant in most. cases. Our
data of immediate elastic recovery may be higher
than the exact values of perfect elastic: recovery;
however, they could be measured with greater ac-
curacy, permitting a closer approximation of the
exact values, if a much higher jaw speed were used
for the recovery.

The time required to measure immediate elastic
recovery was in the range of from a fraction of a
second to a few seconds in the present tests, and was
limited mainly by the response of the Instron tensile
tester. " This time varied for different fibers and for
different elongations of the same material, depend-
ing, to a great extent, upon the speed and magnitude

of the recovery. Occasionally, it was consi.derably
less than the time necessary to remove tension en-
tirely—e.g., for polyethylene A. The data in col-
umns 3 and 4 of Table I demonstrate the different
times for polyethylene A, Vinyon CF—H.ST, acetate,
and Fiberglas at. relatively high elongations, as rep-
resented in Figures 1 and 2. . Columns 5, 6, and 7
in Table I contain further data for comparison. The
slight variation in time necessary to measure imme-
diate élastic recovery is not serious in view of the
large difference between even the longest time of
3 sec. and the time for measurement of delayed re-
covery, which was always 300 sec.

There is no doubt that the technique described
permits a'pprox'imation of the true values of imme-
diate elastic recovery despite some minor inadequa-
cies. Its application is fully justified by the present
lack of a more practicable method to obtain the quan-
titative data necessary for the recovery character-
istics of fibers, except for the pulse-propagation
technique.

In contrast to the determination of the immediate
elastic recovery, measurement of the nonrecoyerable
part of the total elongation is quite simple and con-
clusive. Permanent set was measured after remov-
ing the strain and allowing the sample to recover for
5 min. Indication of stress can be seen on the second
loading cycle (Figure 1) only after a definite jaw
separation is accomplished at point H as a result of
increased length of the specimen. Therefore, the
horizontal part of this curve, GH, represents the
part of the total elongation not recovered, or the
permanent set, which corresponds to 9.6% for t}ae
elongation illustrated. Practical considerations dic-
tated selection of the relatively short time of 5 min.
for recovery, although measurements of the perma-
nent set might be more desirable after a longer
period of recovery, such as 1 hr, or even 1 day.
These values would, of course, be lower than those
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reported in this paper, but some would not represent
the ultimate” values since recovery is incomplete
even after many houts.

Direct measurement of the delayed recovery is not
easily carried out. Calculations can be made readily
from the values obtained for total elongation, imme-
diate elastic recovery, and permanent set. By defini-
tion, the total elongation (T.E.) is the sum of imme-
diate elastic recovery (I.E.R.), delayed recovery
(D.R.), and permanent set (P.S.):

TE. =LER. + DR. +P.S.

The delayed recovery is therefore obtainable by sub-
tracting the two measured components from the
total elongation. In Figure 1 delayed recovery is
represented by the distance KL, corresponding to
3.3% elongation, since

15.5% — (26% + 9.6%) = 3.3%.

It is obvious that the data for immediate recovery,
delayed recovery, and permanent set obtained by the
technique described are dependent upon the condi-
tions of the test. Particular conditions are certainly
not essential to secure comparable data so long as
they remain the same for all tests and permit meas-
urement in approximate equilibrium. The condi-
tions used in the present tests were standardized on
the basis of present practicability ; however, they are
arbitrary.  Other conditions might be more con-
venient or more desirable in special cases, although
the values so obtained would be somewhat different.
A lower jaw speed, a delay in releasing the speci-

men after extension, or a shorter recovery period .

would decrease the recovery values and increase per-
manent set. A higher jaw speed would decrease
immediate elastic recovery data and increase delayed
recovery data. Such changes would also alter the
tenacity and the entire stress-strain relationship.
Although it might be interesting from a scientific
standpoint to obtain information under different test
conditions, this was feasible only to a limited degree.
In a few instances the test conditions were changed
to determine the effect on the data obtained; these
changes are described on p. 493.

The measurements, as illustrated by Figure I,
must be repeated at vatious elongations for any ma-
terial in order to determine its recovery character-
istic at a number of points along the stress-strain
curve. Generally, between 10 and 20 different elon-
gations were selected for each fiber at scattered
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points depending upon its stress-strain behavior.
The three strain components were measured or com-
puted from this set of curves for each elongation as
indicated. These values were then correlated to the
maximal stresses of the first loading cycle, which
were expressed according to the recommended prac-
tice of the A.S.T.M. in g. per grex {2, 33] on the
basis of initial fiber fineness. The grex unit of fine-
ness (weight in g. of 10,000 m.) has many advan-
tages compared to the denier unit (weight in g. of
9,000 m.), which is more commonly used for tex-
tiles.*  Therefore, such an eminent authority as
Smith, in his well-known Edgar Marburg Lecture
(1944) [34], strongly recommended that the grex
system “be adopted immediately by all branches of
the textile industry.”

There are two procedures for testing the recovery
behavior from the initial application of strain up to
the breaking point. The first consists of extending
a single specimen in successive steps along the curve,
starting with the lowest point of elongation prac-
ticable, and the second involves the use of a new
specimen at each selected point of elongation,

The first method was prescribed by the German
Standards [17] and it was practiced by Meredith
[30] and Maillard and coworkers [26, 27]. Both
methods were investigated early in these studies us-
ing acetate multifilaments (No. 16). The results
obtained by the two methods were found to be essen-
tially the same. They are demonstrated graphically
in Figures 4A, 5A, 5a, and 4B, 5B, 5b, which are
described later, on p. 493.

However, it was observed that the method using
a single specimen had the following disadvantages:
(1) When a single specimen is used, it does not
reveal sample variability, which is particularly high
in some natural fibers; the use of 10 or 20 speci-
mens allows -a closer approach. to the average be-
havior of the material; (2) With a single fiber

. there. is no possibility of returning to lower strain

values to obtain supplementary data at points. of
interest, as the previous stress history of the speci-
men cannot be eliminated; (3) Fatigue of the single
specimen makes measurements near the breaking
point difficult and controversial. In view of these

* Tenacity given in g. per grex can be converted into g. -
per den. by multiplying by LI1, and, conversely, tenacities
in g. per den. multiplied by 0.9 correspond to g. per grex
data. Tenacity expressed in g. per grex multiplied by 10d
gives tensile strength in kg./mm.*, and multiplied by 14,223d
gives tensile strength in p.si. (d = density).
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disadvantages, a set of new specimens was generally
used to determine the recovery behavior of each
material. When the specimens were reasonably uni-
form, it was possible to draw a curve through the
somewhat scattered points representing the stresses
and total strains in the first loading curve. Where
excessive variability occurred, it was necessary to
increase the number of specimens tested at each
strain value. Although the recorded stress values
for a given elongation differed appreciably from one
another, only that one was selected for evaluation
which did not deviate significantly from the average
stress-strain curve, based in most cases on ten in-
dividual curves, and the remaining values were dis-
carded. Figure 3 shows this procedure for a wool
staple yarn (No. 21) which was extended to 15
different elongations, using 3 specimens for each.
From these 45 points only the 15 encircled values
next to the average stress-strain curve were used
for evaluation. While this procedure was time-
consuming, it was considered the only way of secur-
ing recovery data representative of the average be-
havior of an uneven material.

ITI. Standardized Test Conditions

To obtain comparable and reproducible data on
the fibers tested, it was necessary to conduct all
tests under the same conditions. The conditions for
these recovery tests were standardized as follows:
50 in. (127 cm.)

5.0 in. (127 cm.) per min,
Immediately after extension

.0 min.
70°F (21.1°C)

Gage length

Rate of elongation
Removal of elongation
Recovery time

Temperature
Relative humidity 65%
Specimens New fibers for every elongation

IV. Different Methods of Presentation

Typical curves showing the elongation components
obtained under the standardized conditions on ace-
tate multifilament 100/40/2.5 (No. 16) are demon-
strated in Figure 4A. The tensile stress in g. per
grex on the basis of initial fineness is plotted against
the total elongation in percent—i.e., increase of
length in percent of the initial length. The heavy
line is the conventional stress-strain curve, the
broken line represents immediate elastic recovery,
the dotted line is delayed recovery, and the light
Jine is permanent set. This graph permits deter-
mination of the total strain, of that part of the
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Fic. 3. Testing procedure for uncven fibers.

clongation which recovers immediately, of that which
recovers in 5 min., and of that which does not re-
cover in 5 min., in percent of initial length at any
given stress expressed in g. per grex and at any
given strain expressed in percent total elongation.
The curves represent average values of the material
and were obtained by using 15 different specimens.

The approach of the curves representing total
elongation, immediate elastic recovery, and delayed
recovery to the zero point was obtained by extra-
polation, assuming a linear decrease. The values at
the lower elongations (generally less than 2% total
elongation, corresponding to an actual elongation of
0.10 in. (0.254 cm.) on the sample tested) are not
very accurate and sometimes are considerably scat-
tered. It is difficult to measure such small elonga-
tions exactly and to divide them into their compo-
nents using the described technique. Scattering of
points was also frequently observed close to the
breaking point. Except for the limitations for these
two regions, the reproducibility of the four curves is
good when the standard conditions of the tests are
carefully observed and the evaluation is made in a
uniform manner.

It will be noted in Figure 4A that the total elonga-
tion is recoverable below the yield point. Most of
the recovery is immediate here and no permanent
set appears under the conditions of the test. A
marked change in immediate elastic recovery and
delayed recovery is noted near the yield point, where
considerable increases of strain are accompanied by
small increases of stress. The immediate elastic
recovery remains nearly constant at higher stresses.
The delayed recovery increases rapidly at the yield
point until it exceeds the immediate elastic recovery.
Above the yield region it does not change appre-
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ciably. A crossing of these two curves was found
in many fibers tested.” In such elastic materials as
Fiberglas (No. 1) of Fortisan (No. 4), the imme-
diate elastic recovery remains higher than the delayed
recovery up to the breaking point, and no crossing
of the two curves appears. It is seen also in Figure
4A that permanent set is observable for the first time
at the yield point, and it increases markedly and at
an almost constant rate to the breaking point.

This general behavior was found for most of the
fibers. However, the absolute values of the strain
components, their relationship to the stress or strain
applied, and their relative values varied in a very
wide range, as will be seen later. Figure 44, show-
ing the four curves, demonstrates clearly the entire
stress-strain and recovery performance of the acetate
multifilament but is not suitable for the comparison
of a large number of textile materials, especially
when the properties are decidedly different.

Therefore, another method was selected to dem-
onstrate the results obtained, which are shown in
Figures 5A and 5a as quadratic graphs. The elonga-
tion components are expressed as percentages of the
actual total elongation on both graphs. They are
plotted vs. percentage of total elongation at break in
5A, and ws. percentage of breaking tenacity in Sa.
To demonstrate the entire recovery behavior of a
material in relation to strain and stress, two sep-
arate quadratic graphs are necessary because of the
well-known nonlinear relationship between strain
and stress in visco-elastic materials. The recovery
data for these graphs are calculated from the origi-
nal values demonstrated in Figure 4A and are re-
produced as curves which divide the quadratic field
into three parts, representing the elongation com-
ponents of the material tested as areas from the
beginning of stress and strain to rupture. The two
quadratic graphs thus demonstrate the three strain
components as percentages of actual total elongation
at any strain value, expressed as percent of the total
elongation at break, or at any stress value, expressed
as percent of the breaking tenacity’

For example, Figure 5A shows that at 20% of
the total elongation at break, 65% of the actual elon-
gation recovers immediately, 30% recovers after 5
min.,, and 5% does not recover. At 50% of the
total elongation at break the corresponding values
for immediate elastic recovery, delayed recovery, and
permanent set are 26%, 32%, and 42% ; and at the
breaking point, 14%, 16%, and 70%, respectively.

TeXTILE RESEARCH JOURNAL

When the actual total elongation at break is known
(20.5% in this case; see Table II, column 8), the
percentage values along the ordinate of the quadratic
graph can be readily converted to actual values (e.g.,
20% of the total elongation at break of this acetate
multifilament is 4.1% elongation, 50% is 10.3%,
and 100% is 20.5%).

It can be recognized in Figure 5a also that at 80%
of the breaking tenacity, 26% of the actual elongation
recovers immediately, 32% recovers after 5 min.,,
and 42% does not recover. In comparing Figures
5A and 5a it can be seen that for this sample, 80%
of the breaking tenacity is identical to 50% of the
elongation at break. It corresponds also to an actual
tenacity of 0.98 g. per grex, which is approximately
midway between points 11 and 12 on the stress-
strain curve of Figure 4A.

The general comments made above in the discus-
sion of Figure 4A are also apparent from both quad-
ratic graphs SA and 5a. At lower strains and at
lower stresses, the predominant part of the total
clongation is immediately recoverable and there is
no permanent set. The percentage of immediate
elastic recovery and delayed recovery is represented
at very low stresses and strains by constant values,
corresponding to the previous assumption of the
linear increase of immediate elastic recovery and
delayed recovery in the beginning of the stretching
process. The percentage of immediate elastic re-
covery decreases above the yield point markedly first,
and later at a slower rate. The percentage of de-
layed recovery does not show large variability, and
remains nearly the same from the beginning up to
the breaking point. The permanent set starts at
15% of the elongation at break and at 68% of the
tenacity at break, which corresponds to 3.1% actual
elongation, 0.83 g, per grex actual tenacity, and to
the yield point in Figure 4A. The nonrecoverable
part of the elongation increases steadily with increas-
ing strain or stress and is predominant near the '
breaking point. R i}

This demonstration by two quadratic graphs show-
ing the elongation components as areas permits an
easy comparison of different fibers. The recovery
behavior is presented for different fibers, or for a
given material tested under different conditions, al-
ways by quadrates of the same size, which can be
easily compared. However, this demonstration has
three disadvantages: (1) it does not show the actual
values of strain, stress, and of strain components,
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which are often required; (2) it does not show the changes are best observable on the quadratic graphs.

form of the stress-strain curve which is typical for The general trend of the curves remained, however, i :

any fiber; and (3) a classification of different ma- the same and no other significant change in the ’ : ‘@l 3

terials on the basis of one characteristic property recovery behavior is observable, except for the lower . .

cannot be easily accomplished. The previous demon- immediate elastic recovery and higher permanent set )

stration of recovery data with four curves, as illus- after sustained elongation in Figures 4D, 5D, and

trated in Figure 4A, does not have these disadvan- 5d. These changes are results of sustained elonga- . o
tages; therefore, both methods have been applied in  tion, which has a similar effect on the fiber proper- 2% M
Figures 4A to 4D, 5A to 5D, and 5a to 5d, respec- ties as does repeated stress or mechanical condi- >’:E:
tively, to demonstrate the recovery behavior of the tioning. -

ol

same acetate multifilament observed under slight
modification of the test conditions. Comparison and
discussion of the final data obtained in this study,
however, are not presented either by means of four
curves or by two quadratic graphs. Instead, a tabu-
lar presentation of numerical data and an illustra-
tion by two rectangular graphs for each fiber are
used. This demonstration is similar to the quadratic
graphs but is free of some of their disadvantages.
Both the tabular presentation and the rectangular
graphs are described in Section VII in more detail.

V. Influence of Test Conditions

The results. obtained using only one specimen of
the acetate multifilament are demonstrated in Fig-
ures 4B, 5B, and 5b. Comparison of these graphs
with Figures 4A, 5A, and 5a obtained under the
standardized conditions demonstrates that recovery
data are essentially the same whether a single speci-
men or a set of 15 specimens is used. Minor dif-
ferences observed can be attributed to variability
within the sample. R

Figures 4C, 5C, and 5c illustrate the recovery of
the acetate sample when extended at a speed one-
tenth of that prescribed by the standardized condi-
tions—i.e., 0.5 in. (127 cm.) per min, or 10%
elongation of the specimen per min. Figures 4D,
5D, and 5d show the results at the normal speed,
where the elongation was sustained for 5 min. at
the maximal value of the first loading cycle instead
of being released immediately. Both investigations
were carried out using a set of samples; thus, only
one of the standardized conditions was changed in
each case. A comparison of these six graphs with
the three graphs obtained under standardized condi-
tions (Figures 4A, 5A, and 5a) shows clearly that
the permanent set was somewhat increased when the
lower jaw speed was used, and it was considerably
increased at sustained extensions. Thus, the recov-
ery in both cases was decreased as expected. These

The graphs discussed above illustrate not only the
different methods of demonstration and the extent
to which the recovery data can be altered by varia-
tion of the test conditions, but they indicate also the
applicability of the technique described. Although
the recovery values will be changed as a result of
modifications in the test conditions, they can be cor-
related easily. to data obtained under standardized
conditions when ‘the changes made and their influ-
ence on the recovery are known.

VI, Materials Tested

Most of the testé were made on multifilaments of
relatively simple construction. It is known that the
properties of these yarns correspond in general to
those of the base fibers [31].

An attemipt was made to conduct all the tests on
fiber materials in the same form—namely, 111-grex
(100 den.) multifilament with low twist. However,
only a limited number of samples were available in
this form, many of them deviating in one respect or
another. In some cases it was necessary to use
single fibers or staple yarns.

It was the goal of this investigation to obtain in-
formation on most of the important textile fibers as
well as on materials which represent a wide range of
properties. The variety of the samples tested is
demonstrated best by the 25 stress-strain curves
shown in Figure 6. Among the filaments were
strong and weak samples; those with high, medium,
and low extensibility ; natural, regenerated, and syn-
thetic fibess of nearly every type, including the well-
known fibers and some relatively new materials.

Many samples are commercially ‘available but a
few were experimental. It is recognized that no
single specimen of a given fiber material can be
taken as representative of all types of that material.
The samples were tested as received, without pre-
treatment to release any strains developed during
the manufacturing process. :

yethylene , Type 8
%5

H.T. Viscose Multifitament
25 Polyethylene, Type A

Viscose Stople Yarn
2 Orlon Acrylic Fiber

Cotton 50/1
3 Fiber v

Fiberglos

i

3 Ethocel

4 H.T. Fortisan

5 Gotton i2/1

8 Soron Monofiloment

7 Reqular Viscose Multifilament
8 Soran Multifilament

S Vinyon NOZZ Multifiloment
5 Vinyon CF-HST

6 Acetate Multifiloment

7 Acetate Staple Yarn

8 Nylon Type 300

9 Vinyon Steple Yorn , T
20 Vinyon NORU Mul

21 Wool

22 Cosein, Raw

23 Cosein, Stabilized

24 Pol
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F16. 6. Stress-strain curves of fibers tested.
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TABLE 11.  Dara ox TeNsILE PROPERTIES AND Eroncation CoMPONENTS OF FiBERS TESTED
1 2 3 P 5 6 7 8 RS T ” " ‘
. Elongation components in %, of actual total elongation: .
Actual  Breaking elml;;:\iilon At 509, of breaking tenacity At 509, of elongation at break At the breaking point
- Nt f , Immediate Immediate ' Immediate
Sample Material Source* Cha:iitie:zg‘;:"d Remarkst ﬁ(niz;iz’ (ze‘}a?etxy) at(i();e)nk elastic Delayed Permanent elastic Delayed Permanent elastic Delayed Permanent Sample
o i g & £-/8 o recovery recovery set recovery  recovery set recovery  recovery set No.
1 Fiberglas ECD 1 Multifilament 900-1/2 114 5.81 2.3 ;
2 Cotton 2 Staple yarn 50/1 1 118 1.56 4.6 ;g . ;g ; 23 ;2 g Zi g; 22 ;
3 Ethocel 3 Multifilament 500/100/0 2 642 0.66 5.0 71 20 0 80 18 2 50 36 i1 3
4 High-tenacity Fortisan 4 Multifilament 90/120/3 100 6.68 5.8 50 3 16 48 37 15 " 28 28 M
5 Cotton Staple yarn 12/1 3 585 1.37 7.9 34 4 2 36 16 18 2% 30 i 5
6 Saran 5 Monofilament 5 mils diam. 4 209 232 134 .
7 Regular viscose 6 Multifilament 100/40 111 1.89 14.7 4 a o 5 4 5 b b o 8
8 Saran 5 Multifilament 200/12/5z 4 222 1.9t 15.5 56 14 0 54 6 o 33 54 13 8
9 Vinyon NQZZ 7 Mulsifilament 80/40/5z 56 89 3.60 15.7 39 49 12 10 48 12 2% i 12 9
10 High-tenacity viscose 6 Multifitament 100/40 1 2.51 15.8 28 38 34 23 32 45 18 1 61 10
11 Viscose Staple yarn 20/1 - 7 296 1.61 16.0
12 Orlon acyrlic fiber 8 Multifilament 100/40/z 2,8 11 419 16.6 o 2 by » i(s) b 5 z b 5
13 Fiber V 8 Multifilament 100/40 2,9 111 5.17 18.2 33 52 15 28 50 2 18 37 45 13
14 Silk 9 Multifilament 100/132 117 4.39 19.9 47 12 1 25 33 12 16 20 64 “
15 Vinyon CF-HST 6 Multifilament 80/108/3.5 10 89 2,90 20.0 27 51 2 30 18 27 25 16 29 is
16 Acetate 8 Multifilament 100/40/2.5 11 1.23 20.5
17 Acetate Staple yarn 20/1 1 296 085 28 gg . o 2 32 S b 1 [ 18
18 Nylon, Type 300 8 Multifilament 100/40/2.5s 111 5.52 233 20 67 4 27 6 6 18 54 28 18
19 Vinyon N Staple yarn 20/1 5 12 296 1.14 26.8 32 68 0 2 40 38 12 30 58 19
20 Vinyon NORU 7 Multifilament 100/60 5,13 38! 2.85 311 17 39 44 2 41 38 12 28 50 20
21 Wool 10 Worsted staple yarn 28.4/1 14 314 0.81 319
2 Casein, raw 1 Multififament 300/40 2 333 0.91 314 e o z b = a 1 - 2 A
23 Casein, stabilized 1 Multifilament 300/40 2, 15 333 0.83 40.8 77 23 0 20 30 ‘50 12 2 P 23
24 Polyethylene, Type B 6 Monofilament 12 mils diam. 2, 16 684 1.17 41.3 76 2 o 2 58 2 10 30 60 24
25 Polyethylene, Type A 6 Monofilament 12 mils diam. 2,17 684 1.08 50.5 35 38 7 2 64 16 10 19 et 2
* Source: t Remarks: -
1. Owens-Corning Fiberglas Corp., Toledo, Ohio 1. Staple: 1} in. (2.86 cm.), 22.7 t.p.i. (8.9 t.p.cm.) . .
2. Standard Coosa-Thatcher Co., Chattanooga, Tenn. 2. Experimental sample . selected points, it is believed that this tabular pres- grams per grex (in the lower set). The height of
i "(l::;: z‘;"ccl)}:;’“(‘f}\g‘e’;igr‘%‘;&d%{xifhiq v ' i‘ ?’E%n;ﬁéze (czh']ﬁif;:)' 116 tp.i. (4.6 t-p.cm.) entation demonstrates the recovery fairly well for the rectangular graphs represents the extensibility in
5. The Saran Yarns Co., Odenton, Md. T s Copolymer of viny! chloride and acrylonitrile (40%) comparative purposes and for general discussion. the upper set and the tenacity at break in the lower
6. Américan Viscose Corp., Marcus Hook, Pa. 6. Oriented stretched 1300% A few of the values in column 9 are, however, sub- set. The samples are arranged in order of increas-
;' garxb‘gﬁ%’girg:nblce};:;:sag%gp‘fi C\};ﬁﬁﬁi‘;"mnwnﬁ ; E;?S;irzl;xt(jlgs om. 3.3 grex. ject to marked errors arising from the uncertainty ing extensibility, and their numbers correspond to
9 Bélding-Heminway Co., Inc., New York, N. Y. ' 9. Polyethylene glycol terephthalate of measurements at low elongations. the sample numbers in Table 1I. Each rectangular
10. Forstmann Woolen Co., Passaic, N. J. ok 10. Copolymer of vinyl chloride and vinyl acetate (10%) Since it is necessary to know the recovery from graph is divided into three areas, depicting the im-
11. Eastern Regional Research Laboratory, Philadelphia, Pa. :; gzg:i :i :: 8?: ;’:; ?g 5::;‘ the beginning of the stretching up to rupture, the mediate elastic recovery, delayed recovery, and per-
13. Oriented stretched 13009, reacted without tension 135°C results obtained in this study are also illustrated in  manent set, except the two graphs of Saran mono-
:‘;5 [S:tap‘eildl: ig» (7.37 cm.), U. S. 64's, 20.9 t.p.i. (8.2 t.p.cm.) Figure 7B by means of two sets of rectangular filament (No. 6), where no permanent set was
16, Cﬁ;é?zraiz"z:ri‘};ded highly oriented graphs which represent the entire recovery behavior observed.
17. Cold-drawn and relaxed, medium oriented of the 25 individual samples tested. This demon- The recovery behavior of the acetate multifilament,
. X ' stration is similar to that illustrated in Figures 5A  demonstrated by four curves in Figure 4A and by
VIL Presentation of Recovery Data elastic recovery, delayed recovery, and permanent and 5a by two quadrates, but is free of some of.its two quadrates in Figures 5A and 5a, is also demon-
Yy q q 4 )

A tabular presentation of numerical data is the
simplest, although not the best, presentation of re-
covery behavior. Table II shows the fibers tested in
order of increasing extensibility, with information on
their source, fineness, breaking tenacity, elongation
at break, recovery. The list contains 25 individual
samples of 16 different materials. The immediate

set are expressed as percentages of the actual total
elongation at the mid-points of the stress-strain
curve (at 50% of the breaking temacity in column 9
and at 50% of the total elongation at break in col-
umn 10) and at the breaking point (column 11).
Although the recovery behavior of fibers cannot be
characterized fully by numerical values at only three

disadvantages. In both types of graphs data for im-
mediate elastic recovery, delayed recovery, and per-
manent set are plotted as percentages of the actual
total elongation along the abscissa. However, in the
rectangular graphs they are plotted against total
elongation expressed as percent of original length
(in the upper set) and against tenacity expressed as

strated by two rectangular graphs in Figures 7A and
7a. It can be seen diréctly from Figure 7A that
when this filament is extended to 15%, only 18% of
this actual elongation . recovers immediately, 23%
recovers in 5 min,, and 59% does not recover. The
actual values for immediate elastic recovery, delayed
recovery, and permanent set are 2.7%, 3.5%, and
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8.8% elongation, respectively, since the actual total
elongation here is 15%. The preponderant portion
of the elongation is thus nonrecoverable at this point,
with the recovery divided almost evenly between im-
mediate and delayed. Similar information is pro-
vided at a given stress value in Figure 7a. It shows
that at a stress of 0.90 g. per grex, the values for
immediate elastic recovery, delayed recovery, and
permanent set are 41%, 42%, and 17 %, respectively,
of the actual total elongation at this stress value.
Since the elongation at a stress of 0.90 g. per grex
is shown to be 6.4% on the stress-strain curve of
the fiber (Figure 4A), the actual values for imme-
diate elastic recovery, delayed recovery, and perma-
nent set are 2.6%, 2.7%, and 1.1%, respectively.

This demonstration by rectangular graphs permits -

immediate determination of the three strain com-
ponents as percentages of the actual total elongation
for any elongation given in percent and for any ten-
sile stress expressed in g. per grex. Also, actual
values of the three components can be computed for
any stress and strain from these data when the
stress-strain curve is known. In addition, the rec-
tangular graphs facilitate comparison and classifica-
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Fic. 7. Rectangular graphs showing elongation com-
ponents of acetate multifilament 100/40/2.5. A~—Lefi,
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tion of the fibers tested on the basis of their exten-
sibility, as shown in Figure 7B. The rectangular
graphs of acetate multifilament (Figures 7A and 7a)
appear in reduced form in the upper and lower sets
of Figure 7B as No. 16.

Description and discussion of the results obtained
will not be restricted to the relative values of re-
covery as given in Table II and Figure 7B. They
will also cover actual values of the elongation com-
pojients for the convenierice of those who prefer
such data.

VIII. Results
A. General

The extensibility of the fibers tested varies from
2.3% for Fiberglas (No. 1) to 50.5% for poly-
ethylene A (No. 25), and the tenacity varies from
0.66 g. per grex for Ethocel (No. 3) to 6.68 g. per
grex for high-tenacity Fortisan (No. 4). A com-
parison of the upper set with the lower set in Figure
7B illustrates the well-known fact that highly ex-
tensible fibers have low tenacities in most cases, but
that poor extensibility is not always connected with
high tenacity. Broadly, the rectangular graphs of
the two sets shows some similarity of pattern, al-
though marked differences exist among the fibers
tested. The similarity might be considered as a re-
sult of their common structure since all of them,
except Fiberglas, consist of long-chain' molecules.
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Their common properties make possible their prac-
tical use as textile materials in spite of marked dif-
ferences in chemical composition and stractural
details.

The rectangular graphs in Figure 7B clearly dem-
onstrate that recovery at low stresses and strains is
complete in every case under the conditions of these
tests. The limit for this behavior is about 1% total
elongation for Fortisan (No. 4), 2% for viscose
(No. 7, 10, 11), 3% for acetate (No. 16), 4% for
Vinyon NORU (No. 20), 6% for wool (No. 21),
and 11% for polyethylene B (No. 24). This limit
corresponds to the yield point where elongation with
increasing stress begins to increase rapidly. It is
observable on the stress-strain curves as well as on
both rectangular graphs, where it is indicated by the
beginning of permanent set.

B. Imwmediate Elastic Recovery

The immediate elastic recovery shows a wide vari-
ation at different values of strain and stress for
most fibers (Figure 7B). It is always predominant
at low elongations and constant values are demon-
strated up to the yield point for many fibers accord-
ing to the previously discussed linear increase of
immediate elastic recovery and delayed recovery at
very low elongations (Figure 4A). Although this
assumption seemed to be justified by the constant
relationship between stress and total elongation ob-
servable on the conventional stress-strain curves be-
low the yield point, some of the fibers indicated
marked deviations from the linearity. Therefore,
the validity of our assumption was re-examined on
high-tenacity Fortisan (No. 4), acetate multifila-
ment (No. 16}, nylon 300 (No. 18), and polyethylene
A (No. 25). To obtain more accurate data at low
clongations, a longer initial gage length (20.0 in.,
or 50.8 em.) was used in these tests. The recovery
obtained for Fortisan and acetate indicates a fairly
constant relationship between immediate elastic re-
covery and delayed recovery at the beginning of the
stretching process. In contrast to this, a marked
increase of immediate elastic recovery at very low
stress and strain values was observed for nylon and
polyethylene A, as illustrated at the lower parts of
the rectangular graphs Nos. 18 and 25. An increase
of immediate elastic recovery is demonstrated also
for Ethocel (No. 3), Fiber V (No. 13), Vinyon
CF-HST (No. 15), and polyethylene B (No. 24).
Although a few other fibers indicated some devia-
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“tion from a constant relationship, no definite conclu-

sion was possible from the, tests performed as to
whether or not the demonstrated constancy in the
lower parts of the rectangular graphs should be
changed.

The decrease of immediate elastic recovery is
nearly linear between the yield point and rupture
only for the highly recoverable fibers—Fiberglas
(No. 1), 50/1 cotton (No. 2), Ethocel (No. 3), and
Saran (Nos. 6 and 8). For all other fibers imme-
diate elastic recovery decreases with increasing strain
and stress first rapidly and then at a slower rate.
The immediate elastic recovery is usually low near
the breaking point, having values between 10% and
40% of the total elongation in most cases (column
11, Table II). It was found higher than 40% only
for such elastic fibers as Saran monofilament (No.
6), high-tenacity Fortisan (No. 4), 50/1 cotton
(No. 2), Ethocel (No. 3), and Fiberglas (No. 1).
It is of interest to note that these high percentages
are connected with relatively low extensibilities,
which are between 2.3% and 13.4%. The actual
values of immediate elastic recovery at the breaking
point are in the range of from 1.6% to 5.8% for the
fibers tested (Table 1V, 3a), but they do not repre-
sent necessarily the maximal values for a given fiber.
The highest actual values for immediate clastic recov-
ery at the breaking point were found in Saran mono-
filament (5.8%), Vinyon CF-HST, wool, and poly-
ethylene A (5.0%), Saran multifilament and sta-
bilized casein (4.9%), raw casein (48%), and
nylon and polyethylene B (4.2%). These fibers
can be considered as the most elastic materials
tested when only the actual values for immediate
elastic recovery at the breaking point are taken into
account and the delayed recovery is disregarded.

C. Permanent Set

The permanent set of the samples tested shows
even higher variability than the immediate elastic
recovery in its actual value, in relation to the total
elongation, and in that point at which it becomes
observable. Permanent set generally begins at the
yield point, and increases steadily and more or less
rapidly up to rupture. The start of permanent set
may serve as an indication of the limits of stress
and strain if the disadvantages of secondary creep
are to he avoided. When the recovery data are
plotted against tenacity (lower graphs, Figure 7B),
a very rapid increase of permanent set is demon-
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Their common properties make possible their prac-
tical use as textile materials in spite of marked dif-
ferences in chemical composition and structural
details. :

The rectangular graphs in Figure 7B clearly dem-
onstrate that récovery at low stresses and strains is
complete in every case under the conditions of these
tests. The limit for this behavior is about 1% total
elongation for Fortisan (No. 4), 2% for viscose
(No. 7, 10, 11), 3% for acetate (No. 16), 4% for
Vinyon NORU (No. 20), 6% for wool (No. 21),
and 11% for polyethylene B (No. 24). This limit
corresponds to the yield point where elongation with
increasing stress begins to increase rapidly. It is
ohservable on the stress-strain curves as well as on
both rectangular graphs, where it is indicated by the
beginning of permanent set.

B Imwmediate Elastic Recovery

The immediate elastic recovery shows a wide vari-
ation at different values of strain and stress for
most fibers (Figure 7B). It is always predominant
at Jow elongations and constant values are demon-
strated up to the yield point for many fibers accord-
ing to the previously discussed linear increase of
immediate elastic recovery and delayed recovery at
very low elongations (Figure 4A). Although this
assumption seemed to be justified by the constant
relationship between stress and total elongation ob-
servable on the conventional stress-strain curves be-
low the yield point, some of the fibers indicated
marked deviations from the linearity. Therefore,
the validity of our assumption was re-examined on
high-tenacity Fortisan (No. 4), acetate multifila-
ment (No. 16}, nylon 300 (Ne. 18), and polyethylene
A (No. 25). To obtain more accurate data at low
clongations, a longer initial gage length (200 in,,
or 50.8 cm.) was used in these tests. The recovery
obtained for Fortisan and acetate indicates a fairly
constant relationship between immediate elastic re-
covery and delayed recovery at the beginning of the

‘stretching process. In contrast to this, a marked

increase of immediate elastic recovery at very low
stress and strain values was observed for nylon and
polyethylene A, as illustrated at the lower parts of
the rectangular graphs Nos. 18 and 25. An increase
of immediate elastic recovery is demonstrated also
for Ethocel (No. 3), Fiber V (No. 13), Vinyon
CF-HST (No. 15), and polyethylene B (No. 24).
Although a few other fibers indicated some devia-
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tion from a constant relationship, no definite conclu-
sion was possible from the tests performed as to
whether or not the demonstrated constancy in the
lower parts of the rectangular graphs should be

. changed.

The decrease of immediate elastic recovery is
neatly linear between the yield point and rupture
only for the highly recoverable fibers—Fiberglas
(No. 1), 50/1 cotton (No. 2), Ethocel (No. 3), and
Saran (Nos. 6 and 8). For all other fibers imme-
diate elastic recovery decreases with increasing strain
and stress first rapidly and then at a slower rate.
The immediate elastic recovery is usually low near
the breaking point, having values between 10% and
40% of the total elongation in most cases (column
11, Table IT). It was found higher than 40% only
for such elastic fibers as Saran monofilament (No.
6), high-tenacity Fortisan (No. 4), 50/1 cotton
(No. 2), Ethocel (No. 3), and Fiberglas (No. 1).
It is of interest to note that these high percentages
are connected with relatively low extensibilities,
which are between 2.3% and 13.4%. The actual
values of immediate elastic recovery at the breaking
point are in the range of from 1.6% to 5.8% for the
fibers tested (Table IV, 3a), but they do not repre-
sent necessarily the maximal values for a given fiber.
The highest actual values for immediate elastic recov-
ery at the breaking point were found in Saran mono-
filament (5.8%), Vinyon CF-HST, wool, and poly-
ethylene A (5.0%), Saran muitifilament and sta-
bilized casein (4.9%), raw casein (4.8%), and
nylon and polyethylene B (4.2%). These fibers
can be considered as the most elastic materials
tested when only the actual values for immediate
elastic recovery at the breaking point are taken into
account and the delayed recovery is disregarded.

C. Permanent Set

The permanent set of the samples tested shows
even higher variability than the immediate elastic
recovery in its actual value, in relation to the total
clongation, and in that point at which it becomes
observable. Permanent set generally begins at the
yield point, and increases steadily and more or less
rapidly up to rupture. The start of permanent set
may serve as an indication of the limits of stress
and strain if the disadvantages of secondary creep
are to be avoided. When the recovery data are
plotted against tenacity (lower graphs, Figure 7B),
a very rapid increase of permanent set is demon-
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strated at the yield point for raw and stabilized
casein (Nos. 22 and 23) and for polyethylene B
(No. 24). The overlapping of the areas for per-
manent set and immediate elastic recovery in the
graphs of the casein samples is due to high plastic
flow immediately after the yield point is passed.
This is also observable on the conventional stress-
strain curves by decreasing tenacities at increasing
elongations beyond the yield point. The demon-
strated overlapping does not indicate the absence of
delayed recovery at any stress values, and can be
understood easily by the fact that a given stress cor-
responds not only to one, but to two or even three
different strain values in the critical region near the
yield point,

The Saran monofilament (No. 6) was the only
fiber evaluated in which no permanent set could be
measured under conditions of the test. The non-
recoverable elongation of Fiberglas (No. 1), Saran
multifilament (No. 8), and Ethocel (No. 3) is in-
significant since it is less than 15% of the total elon-
gation at the breaking point (column 11, Table II).
The permanent set of 50/1 and 12/1 cotton, Forti-
san, Vinyon NOZZ, Orlon acrylic fiber, Fiber V,
Vinyon CF-HST, nylon 300, wool, and polyethylene
A is refatively low, in no case exceeding 50% of
the total elongation at the breaking point. Many
of the fibers tested show a predominance of perma-
nent set (from 50% to 70% of the total elongation)
at the hreaking point; these include regular and high-
tenacity viscose multifilament, viscose staple yarn,
silk, acetate multifilament, acetate staple yarn, Vin-
yon NORU, Vinyon N staple yarn, raw and stabil-
ized casein, and polyethylene B. The actual values
of permanent set range from zero for Saran mono-
filament to 24.8% for polyethylene B at the breaking
point (Table 1V, 3a).
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D. Delayed Recovery

As demonstrated by the rectangular graphs, the
percentage of the immediately recoverable and of
the nonrecoverable part of the total elongation varies
widely from the beginning of extension to the bhreak-
ing point for any fiber tested. In contrast to this,
the percentage of primary creep does not show much
variability in Figure 7B and for most fibers it has
two distinet values separated from each other near
the yield point. These two values remain approxi-
mately constant at different stresses and strains,
except at the very beginning of the stretching proc-
ess, where some fibers—e.g.,, nylon 300 (No. 18)
and polyethylene A (No. 25)—show variability in
the relationship between immediate elastic recovery
and delayed recovery. The percentage of delayed
recovery in relation to the total elongation at the
breaking point, of course, varies widely from mate-
rial to material, but still remains between 16% and
58%. It is small (below 25%) for Fiberglas,
regular viscose, high-tenacity viscose, viscose staple
yarn, natural silk, acetate multifilament and staple
yarn; but it is high (above 50%) for Saran mono-
filament and multifilament and nylon.

The actual values of the delayed recovery at the
breaking point are less than 10% for all the fibers
tested except for the following highly extensible
materials : nylon 300, wool, raw and stabilized casein,
and polyethylene A and B. Table III shows actual
values of recovery for these 6 fibers, which are listed
in order of increasing actual values of permanent set.
Beside inmmediate elastic recovery and delayed re-
covery, total recovery is also listed (column 5).
Total recovery is the sum of immediate elastic re-
covery and delayed recovery. It corresponds to the
recovery data obtained by test methods of the Ger-
man Standards [17] and to results of other investi-

TABLE IIL  Rpcovery DATA AT THE BREAKING POINT oF Fisirs wiry H1GH DutaveEp RECOVERY

1 2 3 4 5 6 7

Sample Immediate Delayed Total Permanent Total
No.* Material elastic recovery recovery recovery set elongation
{in % of initial length)

18 Nylon 300 4.2 12.6 16.8 6.5 23.3

21 Wool 51 4.0 19.1 12.8 319

22 Raw casein 4.8 10.0 14.8 19.6 34.4

25 Polyethylene A 5.1 24.7 20.8 20.7 50.5

24 Polyethylene B 4.2 12.3 16.5 24.8 413

23 Stabilized casein 4.9 1.4 16.3 24.5 40.8

* Sample numbers correspond to those in Table 11 and Figure 7B.
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gators who did not separate the two recovery com-
ponents. )

It will be noted that the actual values of immediate
elastic recovery in Table HI are relatively high, but
that those of delayed recovery are markedly higher..
The values for immediate elastic recovery, delayed
recovery, and total recovery are of the same order
of magnitude for the 6 samples, with the exception
of the high delayed recovery and high total recovery
of polyethylene A. The series can be divided, how-
ever, into two groups with respect to permanent set.
In the first group are nylon 300 and wool, in which
high recovery is accompanied by the desirable prop-
erty of relatively low permanent set. The second
group, consisting of raw and stabilized casein and
polyethylene A and B, contains fibers whose high
recovery is accompanied by high permanent set, and
whose total extensibility is thus considerably in-
creased. Despite their remarkable recovery, these
samples cannot be considered extremely elastic (at
least not near to rupture} hecause of their large

permanent set values.

E. Range of Recovery Data Observed

The range of tensile properties at the hreaking
point is shown in Table IV. The data of imme-
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diate elastic recovery, delayed recovery, total recov-
ery, and permanent set are presented as actual values
(3a) and as relative values (3b and 3c). The rela-
tive values of the components are expressed as per-
centages of the total elongation (3b), corresponding
to the presentation in Table IT and Figure 7B, and
of the total recovery (3c).

It is interesting to compare the small differences
in the actual values of immediate elastic recovery
{3a, Table IV) with the high variability of the data
for delayed recovery, total recovery, and permanent
set. .
The extremes of the relative values for immediate
elastic recovery correlated to total recovery are
shown to be 17% and 95% in Table IV, 3c; in
most cases, between 25% and 50% of the total
recovery is immediate at the breaking point. The
high variability of the immediately recoverable por-
tion demonstrates the necessity of separating the
total recovery into two components and knowing
their relative values for a precise characterization of
inherent fiber properties. Although marked differ-
ences in the “quality” of recovery (d.e., the speed of
recovery) may be observable even by subjective
evaluations, it is obvious that smaller differences can
be detected only by quantitative measurements of
the components.

TABLE IV. EXTREME VALUES OBTAINED ON FiBERs T

En* FOR TENACITY, EXTENSIBILITY,

¥
AND ELONGATION COMPONENTS AT THE BREAKING Point

Lowest Highest
1. Tenacity (g. per grex) Ethocel (No. 3) 0.66 Fortisan (Na. 4) 6.6
2. Total elongation (%) Fiberglas (No. 1) 2.3 Polyethylene A (No. 28) 50.5
3. Elongation components
a. Actual values in 9 of initial fength
Immediate elastic recovery Fiberglas (No. 1) 1.6 Saran monofilament (No. 6) 5.8
Delayed recovery Fiberglas (No. 1) 0.5 Polyethylene A (No. 25) 24.7
Total recovery * Fiberglas (No. 1) 21 Polyethylene A (No, 25) 30.5
Permanent set Saran monofilament {No. 6) 0.0 Polyethylene B (No. 24) 24.8

b. Refative values in % of actual
total elongation
Immediate elastic recovery
Delayed recovery
‘Total recovery

Polycthylene A and B (Nos. 24, 25) 10
Acetate multifilament (No. 16) 16
Acetate muitifilament (No. 16) and

Fiberglas (No. 1) 72
Saran monofilament (No. 6} 38
Saran monofilament (No. 6) 100

staple yarn (No. 17} 30
Permanent set Saran monofilament {No. 6) 0 Acetate multifitament  (No.
16) and staple yarn (No. 17) 70
c. Relative values in % of actual
total recovery
Immediate elastic recovery Polyethviene A (No. 25) 17 Fiberglas (No. 1) 95
Delayed recovery Fiberglas (No. 1} 3 Polyethylene A (No. 25) 83

* Numbers in parentheses following names of fibers correspond to those given in Table IT and Figure 78.
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IX. Discussion of Recovery Behavior of Some
Textile Fibers

A. Fiberglas

Fiberglas (No. 1) represents an extreme among
the fibers tested. Due to its brittleness, the practical
use of Fiberglas as a textile material is limited,
despite its high tenacity and its excellent recovery.
Its principal limitation is that it is easily damaged
in service. The extremely low extensibility and the
small amount of permanent set (only 6% of the
2.3% elongation at break) agree well with what one
would expect from the atomic structure of silicate
glasses, very different from the giant-chain molecu-
lar structure of all other textile fibers. According
to our present knowledge, silicate glasses are built
from a random network of silicon and oxygen atoms.
Their arrangement is tetrahedral and the gaps of
this structure are filled by the metallic atoms—
sodium, potassium, calcium, ete. It is apparent that
such a network structure is a strong but very rigid
one since no slip planes or long chains are present
and no slippage due to breakdown of secondary
bonds is possible. Therefore, practically no perma-
nent set is observable as a result of applied strain.
The only failure under stress which occurs is rupture
of the fibers.

B. Cotton

Comparison of the two cotton staple yarns in
Figure 7B shows that the 50/1 yarn (No. 2) has
a lower elongation and a slightly higher tenacity
than the 12/1 yarn (No. 5). At a given level of
strain or stress beyond the yield point, the 50/1
cotton shows a higher recovery than the 12/1 sam-
ple. The immediately recoverable part of the 50/1
sample exceeds the delayed recoverable portion,
whereas these two components are almost equal in
the 12/1 yarn. These differences are also demon-
strated by the data of columns 9, 10, and 11 of
Table 1I, where the immediate elastic recovery is
seen to be higher and the permanent set lower in
the 50/1 yarn than in the 12/1 yarn. For these
reasons, the 50/1 yarn can be considered more elastic
than the 12/1.

Both yarns were processed from American cotton
of similar quality. The cotton fibers and the yarns
have the following characteristics:
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50/1 Yarn 12/1 Yarn
Mean staple length (in.) 1} 1%
Mean staple length (cm.) 2.86 2.72
Coefficient of length variability (%) 29.4 29.4
Maturity (%) 82 81
Actual fineness (grex) 118 585
Actual fineness (cotton count) 50 10.1
Twist {turns per in.) 2.7 116
Twist (turns per cm.) 8.9 4.6

3.2 3.65

Twist factor: =
Vactual cotton count

The tensile behavior, including the recovery of
these staple yarns, is a function of the single fibers
as well as of the yarn constriction. It is reasonable
to assume that their common characteristics, such as
low extensibility and tenacity but relatively high
recovery, are inherent cotton properties. The re-
covery is understandable in view of the morphology
of the cotton fiber and of the molecular structure of
cellulpse.  Cotton fibers consist of many fibrils,
oriented at an acute angle with respect to the fiber
axis, In cellulose the lateral forces of attraction
between the chain molecules are high due to so-
called hydrogen bonds formed by the three hydroxy!
groups per anhydroglucose unit. This explains the
marked recovery despite the inflexibility of the cel-
lulose molecules. The differences observed between
the two yarns might be caused by the differences in
fineness and twist factor or by possible processing
variations. In any case, the finer 50/1 yarn with the
lower twist factor has higher recovery and tenacity
but lower extensibility.

C. Saran

The two Saran specimens tested show a behavior
similar to the cotton samples. The Saran mono-
filament (No. 6) has a higher recovery and tenacity
but lower extensibility than the Saran multifitament
(No. 8). The lower immediate elastic recovery and
tenacity, the low permanent set, and, consequently,
the somewhat higher extensibility of the multifila-
ment are probably due to a lower orientation, or
the presence of plasticizer, or the filament con-
struction.

D. Multifilaments and Staple Varns of Viscose, Ace-
tate, and Vinyon N

The graphs in Figure 7B and the data in Table IT
for 3 entirely different samples of viscose (regular
and high-tenacity multifilaments and staple yarns,
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TABLE V. Courarison or TensiE ProprERTIES OF OrRLON Acryric Fisrgr, Fiser V, anp NyrLon 300
AT THE BREAKING POINT

Orlon acrylic hiber Fiber V Nylon 300
(No. 12)* {No. 13)* (No. 18)*
1. Tenacity {g. per grex) 419 5.17 5.52
2. Total elongation (%) 16.6 18.2 23.3
3. Elongation components
a. Actual values in % of initial length
Immediate elastic recovery 3.7 3.1 4.2
Delayed recovery 5.9 6.6 12.6
Total recovery 9.6 9.7 16.8
Permanent set 7.0 8.5 6.5
b. Relative values in % of actual total elongation
Immediate elastic recovery 22 17 18
Delayed recovery 36 36 54
Total recovery 58 53 72
Permanent set 42 47 28
c. Relative values in 9, of actual total recovery
Immediate elastic recovery 39 32 25
61 68 75

Delayed recovery

* Numbers correspond to those in Table 11 and Figure 758,

Nos. 7, 10, and 11) show a rapid increase of per-
manent set starting at the yield point and a pre-
dominance of permanent set at the breaking point,
immediate elastic recovery and delayed recovery be-
ing nearly equal. The marked similarity in the
relative magnitudes and in the actual values of the
elongation components for the 3 samples is evidence
that the recovery behavior obtained in this study is
characteristic for viscose and is fairly independent of
the structure of the samples tested. Differences in
values (column 9, Table IT) at 50% of the tenacity
at break, however, are caused mainly by very rapid
changes in this region. This also demonstrates the
inadequacy of presentation by numerical data at
selected points. It must be admitted, however, that
other specimens of viscose whose properties are
more markedly affected by significant differences in
manufacturing processes or in previous history may
exhibit larger differences in recovery than were oh-
served here.

Recovery of the two acetate (Nos. 16 and 17)
and Vinyon N (Nos. 19 and 20} samples indicates
that the behavior of these materials is similar to the
recovery -of viscose, despite some differences in
breaking tenacities and extensibilities. ~Acetate shows
a higher permanent set at the breaking point than
viscose, and delayed recovery is predominant in the
recoverable part of the Vinyon N samples at the

breaking point. Comparison of the multifilaments
with the staple yarns corroborates the observation
made on viscose—namely, that the magnitude and
shape of the three areas for recovery in the rectangu-
lar graphs of the multifilaments and staple yarns are
very similar and that corresponding values of re-
covery in Table IT are also in good agreement except
when compared at 50% of the tenacity at hreak.

E. Nyon 300, Orlon Acrylic Fiber, and Fiber V *

Nylon 300 (No. 18), a strong and extensible
fiber, is remarkable for its high actual value of total
recovery (16.8%) and, consequently, for its low
permanent set (6.5%) at the breaking point (Table
I11). Nylon has the lowest permanent set of the
significantly extensible fibers tested (28% of the
total elongation at break, Table 1I). Only Vinyon
CF-HST (No. 15), wool (No. 21), and polyethyl-
ene A (No. 25) are comparable to nylon with respect
to high extensibility and low permanent set, but these
fibers have much lower tenacities. The immediate
elastic recovery of nylon is not unusually high, the
actual value being 4.2% at the breaking point, which
corresponds to ounly 25% of its total recovery and
18% of its total elongation (Table V). Its delayed

*Fiber V is a Du Pont experimental fiber [3, 5]. It is
now designated as “Dacron polyester fiber,” and the fiber of
the same chemical composition is known in Great Britain as
Terylene [10].
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recovery of 12.6%, however, is high, corresponding
to 75% of its total recovery and 54% of its total
elongation at the breaking point. Nylon does not
have the disadvantages of pvor extensibility, which
characterizes other strong and elastic fibers, such as
Fiherglas and Fortisan. From the molecular stand-
point, nylon consists of a series of short hydrocarbon
springs united by strong cross-linkages. These are
responsible for the high recovery and low permanent
set since they prohibit significant slippage of the
long-chain molecules.

The recovery of nylon as compared to Orlon
acrylic fiber (No. 12) [23, 32] and Fiber V. (No.
13) may be of some interest since these are rela-
tively new synthetic fibers of high quality. Graphs
Nos. 12, 13, and 18 of Figure 7B represent the
recovery behavior of the fibers and show the pro-
gressive increase in both extensibility and tenacity
from Orlon acrylic fiber to Fiber V to nylon 300.
The first two fibers exhibit similar recovery, mark-
edly different from the behavior of nylon. This is
demonstrated in Table V, where the actual as well
as the relative values of recovery data for the 3
fibers at the breaking point are shown. It should
be noted that Orlon acrylic fiber and Fiber V differ
from nylon in that their actual values for immediate
clastic recovery, delayed recovery, and total recovery
(3a, Table V) are Jower. The relative values of
delayed recovery and total. recovery expressed as
percentages of the total elongation (3b) are nearly
the same for these two fibers and are considerably
lower than the corresponding values for nylon.

The extremely high delayed recovery of nylon
contributes to seam puckering frequently observed
when nylon threads are used {14, 36, 37}. Pucker-
ing is due in part to the tendency of nylon to creep
back after being elongated in the stitching process.
The difficulties encountered can be overcome to a
certain extent hy reducing the extensibility of nylon,
but they cannot be entirely eliminated thereby. Tiber
V has been shown to be superior to nylon in sewa-
bility [36]. This is due partly to the fact that the
actual as well as the relative values of delayed recov-
ery are markedly lower for Fiber V than for nylon.
In addition, Fiber V, with a higher “modulus of
elasticity”’—as is clearly shown by the steep initial
part of the stress-strain curve (Figure 6)—is less
elongated than nylon by a given stress in the sewing
operation. This comparison indicates that an excess
of delayed recovery is undesirable for this particular
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application. The cause of sewing difficulties is still
an open question because of the complexity and
severity of this process. In sewing, both thread and
fabric are subjected to high strain rates and high
temperatures. However, consideration of recovery
may help to solve some of the controversial problems

involved.
£ Vinyon CF-HST

The recovery hehavior of Vinyon CF-HST (No,
15) is remarkable for its similarity to nylon, having
a low permanent set, high recovery, and especially
high delayed recovery. Although the extensibility
and breaking tenacity of Vinyon CF-HST are fairly
high, they are not as high as those of nylon.

G. Vinyon NOZZ and NORU

Vinyon NOZZ and NORU are copolymers chemi-
cally different from Vinyon CF-HST; therefore, no
correfation of their tensile properties was made.

The shrink-resistant Vinyon NORU (No. 20)
was extended about 1300% and then heat-treated
without tension at 135°C {4, 19]. This sample
shows a somewhat Jower tenacity and higher exten-
sibility than Vinyon NOZZ (No. 9), which was
extended to the same amount, but was not heat-
stabilized and therefore not made shrink-resistant.
Relative values of the elongation components are simi-
lar for both fibers at comparable levels of strain, but
are quite different when compared at the same stress
values. The permanent set of Vinyon NORU he-
gins, however, at a lower strain and stress according
to the lower yield point of this sample (Figures 6
and 7B).

H. Wool

The high “elasticity” of woal is one of the most
important differences between this and other textile
fibers and is responsible for the characteristic “soft-
ness” or “hand” of woolen fabrics,  Wool (No. 21)
has a higher extensibility than any other natural fiber
tested. These valuable properties are produced
partly by the peculiar morphology of wool fibers
(scales and crimp) and partly by the inherent prop-
erties of the wool substance. Wool fibers consist
of polypeptide chains held together by salt linkages,
cystine linkages, and hydrogen bonds. The high
recovery of wool is produced by strong cross-linkages
and by the flexibility of the long-chain molecules.
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In unextended fibers these molecules are coiled, and
they are uncoiled as'the fibers are stretched. The
cross-links remain tnbroken during this process and
they prevent the chain molecules from slipping com-

pletely over each other. They assist greatly in the |

restoration of the Initial structure after stress is
removed. Only a minor portion of the high total
recovery of wool (Table IIT) was found to be im-
mediately recoverable at the breaking point. As in
nylon 300, most of the total recovery consists of
delayed recovery. This similarity can be under-
stood from the resemblance of their molecular strac-
ture.

1. Casein

The extensibility and tenacity of the man-made
protein fiber casein (Nos. 22 and 23) are very simi-
lar to wool. The recovery of casein fibers remains,
however, markedly below the excellent recovery of
wool, and a large portion of the high total elongation
at the breaking point is permanent set (Table 111).

Raw and stabilized casein multifilaments have not
only almost the same breaking fenacity and total
clongation at break, but also their recovery behavior
is similar.  Stabilization by formaldehyde has little
effect on the tensile properties in the dry state.

J. Polyethylene

Polyethylene A (No. 25) and B (No. 24) were
obtained from the same base material, polyethylene
C, by a cold drawing process in which they were
stretched nearly 600%. Type A was then relaxed
10% to 12% to increase its shrink-resistance [13].
This process is known as controlled shrinkage. Type
B received no such treatment and thus was more
highly oriented but less shrink-resistant.

The somewhat higher tenacity and Jower extensi-
hility of Type B are to be expected in view of the
higher orientation of this sample. Although the
stress and strain values are fairly close together at
the breaking point, the relationship between stress
and strain is very different for both types. This is
illustrated by the two stress-strain curves in Figure
8. The distinct yield point of Type B at a rela-
tively high stress value is remarkable. A consid-
erable difference exists in the recovery of hoth types
as a result of their history. Actual values of imme-
diate elastic recovery at the breaking point for hoth
samples are relatively high and similar. Immediate
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F16. 8. Stress-strain curves of polyethylene.

clastic recovery increases at the very beginning of
the stretching process until in the neighborhood of
the yield point a maximum of nearly 809% of the
actual total elongation is reached (Figure 7B).
Then it decreases steadily to 10% at the breaking
point. In contrast to this, the delayed recovery and
permanent set of both samples are different. Type B
does not show the previously described constancy of
delayed recovery which was found for all the other
fibers tested. At the breaking point the delayed
recovery of Type B is markedly lower than that of
Type A (Table 11). The permanent set of Type B
starts at a higher stress and strain by virtue of the
high yield point. However, at higher strain values
the permanent set of Type B markedly exceeds that
of Type A when compared at the same level. Higher
permanent set values for highly oriented polyethyl-
ene are contradictory to any experience with oriented
fibers of viscose or acetate since the alignment of
long particles makes further orientation impossible,
strengthens the fiber, and thus prevents slippage, or
permanent set, and reduces extension.

This unusual behavior of polyethylene is ex-
plained by the x-ray diffraction patterns of both
samples shown in Figure 9. They reveal the fol-
lowing facts:

1. Both types are highly crystallized since they
give distinct x-ray diffraction patterns.

2. The proportion between the crystalline and
amorphous parts is nearly the same in both samples
because the relative intensity of the diffraction spots
and of the “amorphous ring” is not markedly dif-
ferent.

3. The orientation corresponds in both samples to
the fiber axis or to the {001] direction of the crystal
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Fic. 9. X-ray diffraction patterns of polycthylene. Type A—Left. Type B—Right.

lattice. This is important since orientation along
the [011] axis has also been observed in stretched
polyethylene after relaxation [8] and this could
affect markedly the tensile properties of such a fiber.

4. The degree of orientation is high and similar
for both samples.

5. The crystalline part of Type B shows lattice
defects, as indicated by the fuzziness of the diffrac-
tion spots, whereas no lattice distortion is observable
on the clear x-ray diagram of Type A. The defects
are a result of the cold drawing process. It is known
that other cold-drawn materials, such as metals, show
local displacement of atoms and formation of internal
spaces, observable by the fuzziness of the x-ray pat-
tern.  Similar “destruction” of the crystal lattice
daring the stretching process was recently described
{24] for nylon 300, when the yield point was ex-
ceeded (at an elongation of approximately 15%).
It appears as a broadening of the diffraction lines on
the x-ray diagrams of highly extended fibers, which
can be interpreted as inhomogenous lattice defects or
as decreased particles.  Analogous observations have
been made on metals at small plastic strains. The
distortion of the crystal lattice is eliminated by the
described controlled shrinkage of Type A, probably

effectuated by moderate heating, by permutoid swell-
ing, or by both. This procedure is analogous to the
recrystallization of metals by annealing, where in-
ternal stresses are removed by heat treatment.

The x-ray diagrams of polyethylene A and B re-
veal that the main difference between the 2 samples
is the presence of lattice defects in Type B. This
explains the unusual recovery behavior and high
permanent set of the highly oriented Type B, since
structural defects and internal spaces intensify the
slippage when stress is applied and this is always
connected with a nonrecoverable elongation, or per-
manent set.

X. Comparison of Results with Those of
Previous Investigators

Recovery data obtained in this study can be com-
pared with data of other authors, such as Meredith,
Maillard and coworkers, and Hamburger, only to a
limited degree.

A. Meredith (1945)

Meredith [30] measured the recovery behavior of
many single fibers from the beginning of stress up to
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rupture. He demonstrated the correlation between
“elastic recovery” and stress or strain by means of
“elasticity stress” and “elasticity strain” curves.
“Elastic recovery” is the ratio of recoverable elon-
gation to total elongation. It is closely related to
the term “total recovery” (T.R.) used in the present
study, which is the sum of immediate elastic recovery
(LE.R.) and delayed recovery (D.R.) when these
are expressed as percentages of the actual total
elongation :

Elastic recovery =

The elastic recovery of acetate multifilament (No.
16), for example, as demonstrated in Table II and
Figure 7B, is 1.00 at 50% of the tenacity at break,
0.58 at 50% of the total elongation at break, and
0.30 at the breaking point, since the values for im-
mediate elastic recovery and delayed recovery are
shown as 74% and 26%, 26% and 32%, and 14%
and 16%, respectively, in columns 9, 10, and 11 of
Table I1. These data are higher {especially at 50%
of tenacity) than Meredith’s values for the acetate
single fibers Seraceta (3.9 grex) and Celanese (1.1
grex). Besides some possible differences in the
samples, variations in loading techniques might be
responsible for this discrepancy.

Despite considerable differences in the two tech-
niques used and in the samples tested, it is worth-
while to compare Meredith’s results with the present
recovery data since in both investigations many
materials possessing widely different properties were
tested.

0
= % ELONGATION

curves of wvarious filaments.

In Figure 10A Meredith’s data of “elastic recov-
ery” for nylon, wool, casein, silk, viscose, acetate,
stretched viscose, and cotton are plotted against
strain.  The data are taken from Table VIII of
Meredith’s paper [30} and represent average values
obtained on single fibers at 2%, 5%, 10%, 15%,
and 20% total elongation. In Figure 10B recovery-
strain curves are demonstrated for the corresponding
yarns as obtained directly from the upper rectangu-
far graphs Nos. 18, 21, 22, 14, 10, 4, 16, and 5 of
Figure 7B. Meredith’s curves for viscose, stretched
viscose, and cotton have lbeen correlated to multi-
filaments of high-tenacity viscose (No. 10), high-
tenacity Fortisan (No. 4), and 12/1 cotton staple
yarn (No. 5), respectively, since their elongations at
break are closest to the extensibility of Meredith’s
samples. The two sets of recovery curves in Fig-
ures 10A and 10B show that the agreement is sur-
prisingly good between Meredith's data and those in
the present paper, despite marked differences in the
tests. Meredith’s “elastic recovery” values are gen-
erally lower than ours, particularly at 2% eclonga-
tion. This deviation can be explained by the dif-
ferences in the loading technique.* The discrepancy
between the two casein curves is most likely caused
by differences in the properties of the samples tested.

*In Meredith’s test a lower jaw speed was used. The
samples were held extended 30 sec., and only 60 sec. relaxa-
tion time was allowed for recovery. All these factors in-
crease the “permanent set” and decrease the “elastic recov-
ery” as compared to the conditions of our tests (immediate
removal of clongation and 300 sec. relaxation time). Con-

sequently, an “elastic recovery” of 1.00 was observed for
most fibers at 2% elongation in our tests.
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Fio. 11, Stress-strain curves of acclate multiflament
300/104/1.5. (Measured by W. J. Hamburger.)

The exceptional high recovery of nylon, the simi-
larity of nylon and wool, and the inferiority of casein
to wool with respect to recovery are also shown by
Meredith's curves. However, no information is
provided by these tests on the “quality” of the re-
covery since no differentiation was made between
immediate and delayed recovery.

B. Maillard and coworkers (1947-48)

Seven of the fibers tested in this study were also
investigated by Maillard and coworkers [26, 27]:
cotton, regular and high-tenacity viscose, silk, ace-
tate, nylon, and wool. The agreement between the
results for total recovery at the breaking point is
fairly good. The insignificant deviations are prob-
ably due to differences in the testing methods or in
the inherent properties of the samples tested.

C. Hamburger (1948)

Some data of immediate elastic recovery and de-
layed recovery obtained in this study can be com-
pared to those of “immediate elastic deflection” and
“primary creep” of Hamburger {20, 217. Despite
the marked difference between the pulse-propagation
technique. and the repeated-loading technique, and
also between the methods of evaluation, Ham-
burger’s data for viscose, acctate, and nylon are
similar to ours.

It is worth-while to demonstrate data obtained on
acetate multifilaments by the pulse-propagation tech-
nique and by the repeated-cycling method used in
the present study for purposes of comparison, even
though the samples tested were different,

The values demonstrating the visco-elastic be-
havior of 300/104/1.5 Tennessee Fastman acetate
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Fia. 12, Quadratic graphs showing elongation com-
ponenls of acetate multiflament 300/104/1.5. (Meas-
wred by W. J. Hamburger.)

multifilament as obtained by the pulse-propagation
meter * are replotted in Figure 11, by means of four
curves, and in Figures 12A and 12a, by means of
two quadratic graphs.

These figures should be compared with Figures
4D, 5D, and 5d, which demonstrate the recovery
data obtained in the present investigation on 100/
40/2.5 Acele, Du Pont acetate multifilament (No.
16}, using sustained elongation instead of the nor-
mal, immediate removal of elongation. This vari-
ation of our test conditions corresponds nearly to the
conditions of Hamburger’s tests, in which the imme-
diate elastic deflection and the primary creep were
measured on the sixth loading cycle. It is known
that repeated stressing and sustained elongation pro-
duce a similar effect on the tensile properties. Com-
parison of the two sets of curves and graphs shows
that Hamburger’s data of deflection components cor-
respond fairly well to our elongation components.
This good agreement between actual as well as rela-
tive values of the three components obtained by tests
made on different samples using different testing
methods proves that data of the three compomnents
are indeed representative of inherent fiber properties.

* These were presented by Hamburger in Graph 1lc, p.
732, of his paper in TextiLe ResgarcH Jovrnar {20] and
were also shown in Figure 5, p. 496, of his condensed article
in the 4.5 7T .M. Standards on Textile Materials [21].
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Similar agreement was found for total recovery
by Meredith [30], who compared his results with
those of a large number of early investigations made
on single fibers and yarns of cotton, silk, viscose,
acetate, wool, and Lanital published between 1927
and 1943 by Shorter, Collins, Kiisebauch, Saxi,
Langer, Kurts, Bohringer, Schwab, Weltzien, and
Loashy. This agreement also indicates that the re-
covery behavior of fibers is by no means as subject
to variation in particular test conditions as was
frequently believed.

XI. Summary

The cycling technique described makes it possible
to obtain comparable data on the immediate and
delayed recovery and the permanent set of textile
fibers and yarns, and gives a more accurate charac-
terization of tensile properties than the conventional
stress-strain curve. The method as applied to meas-
ure the recovery behavior may have some inade-
guacies which will be eliminated by improved equip-
ment. The recovery data obtained can serve as a
basis for further investigations on fibers, yarns, and
fabrics since they indicate the applicability of these
textile materials for specific end-uses. The knowl-
edge of recovery also provides a better understanding
of the complex behavior of textile materials and their
practical implications.
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